Introduction
============

Among RNAs with regulatory functions, microRNAs (miRNAs) have been extensively studied for their potential roles in cancer diagnosis and as therapeutic targets. The miRNA molecules are transcribed from noncoding genes, and the transcribed products stabilize into a duplex structure that activates the RNA interference machinery and downregulates gene expression posttranscriptionally.^[@bib1]^ The miRNAs play a crucial role in both physiological and pathological processes, and \>50% of the known miRNAs participate in human tumorigenesis by regulating gene expression.^[@bib2],\ [@bib3]^ Their deregulation is observed in many types of cancer,^[@bib4],\ [@bib5]^ and it is negatively associated with the clinical outcomes in cancer patients.^[@bib6],\ [@bib7]^ Recent studies have reported that alterations in miRNA expression are frequently observed in hepatocellular carcinomas (HCCs).^[@bib8],\ [@bib9]^ Indeed, deregulation of miR-199-3p was observed in 40/40 patients, and its low expression correlated with poor survival of HCC patients.^[@bib10]^ In addition, one study showed that miR-519d was upregulated in ∼50% of HCCs.^[@bib11]^

Adenine nucleotide translocase (ANT) is abundant in the inner mitochondrial membrane. ANT plays an important role in cellular energy metabolism by catalyzing the exchange of mitochondrial adenosine triphosphate for cytosolic adenosine diphosphate, thus influencing mitochondrial bioenergetics.^[@bib12]^ In addition, it is involved in the formation of the mitochondrial permeability transition pore complex that interacts with Bcl2 family proteins, contributing to mitochondrial-mediated apoptosis.^[@bib13]^ Human ANT has four isoforms (ANT1, ANT2, ANT3 and ANT4), and the relative expression of these isoforms is dependent on developmental stage, proliferation status and cell or tissue types. Among these isoforms, ANT2 is specifically expressed in proliferative and undifferentiated cells.^[@bib13]^ ANT2 imports glycolytically derived adenosine triphosphate into the mitochondria, maintaining the mitochondrial membrane potential and ensuring cell survival. Previously, we showed that ANT2 is overexpressed in a wide variety of tumors.^[@bib14]^ Because the expression of ANT2 is closely associated with the mitochondrial bioenergetics of tumors, ANT2 could be a promising target for cancer therapy. In fact, we have demonstrated that ANT2 depletion by short hairpin RNA (shRNA) significantly inhibits tumorigenesis in breast cancer^[@bib15]^ and HCC.^[@bib16],\ [@bib17]^

An essential step in cancer invasion and metastasis is the breakdown of the extracellular matrix by proteinases, such as the matrix metalloproteinases (MMPs).^[@bib18],\ [@bib19]^ MMPs are capable of degrading many types of extracellular matrix proteins and are abundant in advanced tumors. Therefore, MMPs are thought to be involved in the regulation of cancer progression, invasion and metastasis. Under normal physiological conditions, the regulation of the MMP family is dependent on gene expression, proenzyme activation and interactions with specific inhibitors, such as tissue inhibitors of metalloproteinases (TIMPs).^[@bib20],\ [@bib21]^ All four TIMP members---TIMP-1, 2, 3, and 4---interact with MMPs in a stoichiometric (1:1 molar) manner and regulate the function and activation of MMPs. In addition, phosphatidylinositol-3-kinase (PI3K)/Akt activation is involved in the regulation of the MMP family, suggesting that selective targeting of the PI3K/Akt signaling pathway may effectively block potentially invasive cancer cells.^[@bib22]^

Based on our previous observation that ANT2 suppression resulted in inhibition of HCC,^[@bib17]^ we hypothesized that ANT2 shRNA regulates a specific subset of miRNAs that are crucial for HCC development, and investigated the functions of ANT2 shRNA-regulated miRNAs in the pathogenesis of HCC.

Materials and methods
=====================

Cell culture and transfection
-----------------------------

The hepatocellular carcinoma cell lines HepG2 and Hep3B cells were purchased from the Korean Cell Line Bank (KCLB, Seoul, Korea). These cells were then cultured in Dulbecco\'s modified Eagle\'s medium (WelGENE, Seoul, Korea) supplemented with 10% fetal bovine serum, 100 U ml^−1^ penicillin and 100 μg ml^−1^ streptomycin (Gibco, Grand Island, NY, USA) in a humidified 5% CO~2~/95% air atmosphere at 37 °C.

For transfection, cells were plated in a 6-well plate (2 × 10^5^ cells per well) or 100 mm dish (2 × 10^6^ cells per dish) and then transfected with the appropriate plasmid(s) in combination with Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA). pSilencer 3.1-H1 puro ANT2 or scrambled small interfering RNA vectors were transfected into the cells. Transfected cells were then cultured for 4 h, and the culture media were replaced with fresh media supplemented with 10% fetal bovine serum. The cells were harvested 24--48 h after transfection. Negative mimics, miR-19a and miR-96 mimics, negative inhibitors and miR-19a and miR-96 inhibitors were transfected into the cells using the same method.

Synthesis of miR mimics and miR inhibitors
------------------------------------------

The miR-19a and miR-96 mimics and inhibitors, as well as a negative control of miRNA mimics (negative mimics) or inhibitors (negative inhibitors), were synthesized by Genolution (Seoul, Korea) and GenePharma (Shanghai, China) with the following sequences: miR-19a mimic (5′-AGUUUUGCAUAGUUGCACUACA-3′) and inhibitor (5′-UCAGUUUUGCAUAGAUUUGCACA-3′: 2′OMe modification), miR-96 mimic (5′-UUUGGCACUAGCACAUUUUUGCU-3′) and inhibitor (5′-AGCAAAAAUGUGCUAGUGCCAAA-3′: 2′OMe modification) and negative mimic/inhibitor (5′-UUGUACUACACAAAAGUACUG-3′).

Quantitative real-time PCR
--------------------------

Quantitative real-time PCR was used to confirm microarray data and measure the miRNA impact on putative targets. Total RNA was extracted from cell lines using TRIzol reagent (Invitrogen) or 10-mm thick formalin-fixed paraffin-embedded tissue sections using a RecoverAll Total Nucleic Acid Isolation Kit (Ambion, Austin, TX, USA). Quantitative real-time PCR was carried out with a Mir-X miRNA First-Strand Synthesis Kit and a SYBR Green Real-time PCR Master Mix (TaKaRa, Otsu, Japan) according to the manufacturer\'s instructions. The housekeeping gene U6 was used for standardization of the initial miRNA content of a sample. Relative changes in gene expression were calculated by the formula previously described.^[@bib17]^

Western blot analysis
---------------------

Cell lysates were separated on 10% SDS--polyacrylamide gels, electrophoretically transferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA, USA) and then detected with the respective antibodies indicated below. Immunoblots were visualized using an enhanced chemiluminescence detection system (Amersham Pharmacia Biotech, Uppsala, Sweden). Anti-Akt and anti-pAkt were obtained from Cell Signaling Technology (Beverly, MA, USA), and anti-TIMP-2 and anti-actin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Cell proliferation assay
------------------------

For the determination of cell growth, cells were seeded at 1 × 10^4^ per well in 96-well plates and incubated under the indicated conditions. A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed as previously described.^[@bib23]^ The MTT-derived formazan generated by cells was quantified. After the addition of 20 μl of MTT (5 mg ml^−1^) to each well and a 4-h incubation at 37 °C, MTT crystals were dissolved with dimethyl sulfoxide without discarding the cell supernatants, and the absorbance (570 nm) was measured. All experiments were repeated a minimum of 3 times in 96-well plates.

Soft agar colony formation assay
--------------------------------

Transfected cells were mixed in 0.3% Noble agar (in RPMI-1640 medium supplemented with 10% fetal bovine serum) and plated at 1000 cells per well in 6-well plates containing a solidified bottom layer (0.6% Noble agar in the same growth medium). After 14 days, colonies were stained with 0.1% crystal violet (Sigma, St Louis, MO, USA) and photographed.

Tumorigenicity assays in nude mice
----------------------------------

Animal experiments were carried out according to the guidelines of the institutional animal care and use committee of Seoul National University. The experiments were performed after receiving approval from the institutional biosafety committee (SNUIB-P110525-1) and institutional animal care and use committee (SNU-110527-1). The miR-96- and negative control (NC)-transfected HepG2 cells (1 × 10^7^) were suspended in 100 μl phosphate-buffered saline and then injected subcutaneously into either side of the posterior flank of the same female BALB/c athymic nude mouse at 5 to 6 weeks of age. Tumor sizes were measured twice a week and calculated with the following formula: (length × width^2^) × 0.5.

Statistical analysis
--------------------

Statistical analyses were performed primarily with Student\'s *t-*test with SigmaPlot 2001 software (Systat Software, Chicago, IL, USA). For the analysis of animal experiments, two-way analysis of variance was used with Prism 3.0 software (GraphPad Software, La Jolla, CA, USA). *P*-values of \<0.05 were regarded as statistically significant.

Results
=======

Upregulation of miR-19a and miR-96 in human HCC samples
-------------------------------------------------------

In our previous study, we performed miRNA microarray screenings to identify ANT2 shRNA-regulated miRNAs in Hep3B cells and reported that 14 miRNAs were downregulated by ANT2 inhibition.^[@bib17]^ To validate the 14 candidate miRNAs, quantitative real-time PCR was carried out, and only four miRNAs (miR-193a-3p, miR-551b, miR-19a and miR-96) exhibited significant differences between ANT2 shRNA and scramble transfection in Hep3B cells ([Figure 1a](#fig1){ref-type="fig"}). To determine whether these 4 miRNAs are biologically relevant in HCC, we evaluated the expression of the 4 miRNAs in 30 HCC tissue pairs. Surprisingly, expression of miR-193a-3p and miR-551b, which showed marked downregulation by ANT2 inhibition in Hep3B cells, was not significantly different in HCC tissues compared with matched normal liver tissues ([Figure 1b](#fig1){ref-type="fig"}). However, miR-19a and miR-96 were highly expressed in HCC tissues, implying that miR-19a and miR-96 might be associated with HCC development ([Figure 1c](#fig1){ref-type="fig"}).

Upregulation of miR-19a and miR-96 enhances proliferation and tumorigenicity of HCC cells
-----------------------------------------------------------------------------------------

To investigate the biological role of miR-19a and miR-96 in the development and progression of HCC, we transfected HepG2 and Hep3B cells with miR-19a and miR-96 mimic oligonucleotides and then examined the effect on cellular proliferation. Using the MTT assay, we observed that overexpression of miR-19a and miR-96 dramatically increased the growth rate of both HCC cells (HepG2 and Hep3B) compared with those of negative control (NC)-transfected cells ([Figure 2a](#fig2){ref-type="fig"}). In contrast, transfection with anti-miR-19a and anti-miR-96 impaired proliferation of HCC cells, suggesting that miR-19a and miR-96 may function as oncomiRs. Moreover, overexpression of miR-19a and miR-96 enhanced anchorage-independent growth of HepG2 cells in soft agar ([Figure 2b](#fig2){ref-type="fig"}). The colony formation number of miR-96- and miR-19a-treated cells increased ∼2- and 1.8-fold, respectively. These results suggest that upregulation of miR-19a and miR-96 could augment the tumorigenicity of HCC cells *in vitro.*

Overexpression of miR-96 contributes to progression of HCC
----------------------------------------------------------

To further confirm these findings, an *in vivo* model was used. It has been reported that miR-96 is involved in hepatitis B virus (HBV)-associated HCC.^[@bib24]^ However, the role of miR-96 in HBV-negative HCC remains largely unknown. To address this question, NC- and miR-96-transfected HepG2 cells (HBV negative) were subcutaneously injected into either side of the posterior flank of the same nude mice, respectively. The experimental group consisted of four nude mice, and 1 × 10^6^ cells were injected into each posterior flank of the mice. At 6 weeks after injection, tumor growth on the flanks injected with miR-96-transfected HepG2 cells was observed and compared with the growth on flanks injected with NC-transfected HepG2 cells ([Figures 3a and b](#fig3){ref-type="fig"}). The miR-96-transfected HepG2 cells produced tumors (mean size of 2363±1846 mm^3^) in all mice ([Figure 3a](#fig3){ref-type="fig"}), whereas NC-transfected HepG2 generated only a few tumors (mean size of 835±1066 mm^3^) in 2 of 4 (50%) mice ([Figure 3b](#fig3){ref-type="fig"}). These results indicate that miR-96 significantly promotes tumorigenicity of HepG2 cells in a nude mouse xenograft model.

TIMP-2 is a target of miR-19a and miR-96
----------------------------------------

It is generally accepted that miRNAs exert their function by regulating the expression of their downstream target gene(s). Using target prediction programs and an online miRNA database ([www.microRNA.org](http://www.microRNA.org); [www.targetscan.org](http://www.targetscan.org); and [pictar.mdc-berlin.de](url)), it was revealed that the 3′-untranslated region of *TIMP-2* mRNA has a complementary site for the seed region of miR-19a and miR-96. Previous studies have shown that the *TIMP-2* gene, which encodes an endogenous inhibitor of MMP involved in cell invasion and tumorigenesis, is downregulated or silenced in a variety of human cancer cells.^[@bib25]^ To verify whether TIMP-2 is a common target of miR-19a and miR-96, Hep3B cells were transiently transfected with miR-19a and miR-96 mimics or inhibitors ([Figure 4a](#fig4){ref-type="fig"}). Mimics of miR-19a and miR-96 inhibited the expression levels of *TIMP-2*, but miR-19a and miR-96 inhibitors induced expression of *TIMP-2*, suggesting that miR-19a and miR-96 specifically affected TIMP-2 posttranscriptionally. Using western blot analysis, downregulation of TIMP-2 was detected after transfection with miR-19a and miR-96 mimics, whereas TIMP-2 upregulation was observed following transfection with miR-19a and miR-96 inhibitors ([Figure 4b](#fig4){ref-type="fig"}). Moreover, to determine whether knockdown of ANT2 deregulates miRNAs, we used ANT2 shRNA to suppress miR-19a and miR-96 in the presence of miR-19a and miR-96 mimics to show that TIMP-2 is indeed a critical target of these miRNAs. The results demonstrated that the treatment with miR-19a and miR-96 mimics without ANT2 shRNA transfection suppressed TIMP-2, but TIMP-2 levels were rescued by ANT2 inhibition ([Figure 4c](#fig4){ref-type="fig"}). Taken together, our results indicate that TIMP-2 is a target for both miR-19a and miR-96.

miR-19a and miR-96 are regulated by ANT2 through the PI3K/Akt signaling pathway in HCC
--------------------------------------------------------------------------------------

We have demonstrated here that ANT2-regulated miR-19a and miR-96 reduce TIMP-2 expression in HCC. To further confirm that ANT2 is involved in the regulation of TIMP-2, the effect of ANT2 knockdown was examined. As expected, the knockdown of ANT2 upregulated the mRNA expression of *TIMP-2* in Hep3B cells ([Figure 5a](#fig5){ref-type="fig"}). In addition, ANT2 depletion upregulated the protein level of TIMP-2 ([Figure 5b](#fig5){ref-type="fig"}). It has been shown that ANT2 shRNA suppresses the PI3K/Akt signaling pathway in breast cancer cells.^[@bib26]^ Thus, we wanted to determine whether the PI3K/Akt pathway is inhibited by ANT2 shRNA in HCC cells. The data showed that phosphorylated Akt levels were decreased by knockdown of ANT2 in Hep3B cells ([Figure 5b](#fig5){ref-type="fig"}). To assess whether the PI3K/Akt pathway is involved in miR-19a and miR-96 expression, a PI3K inhibitor, LY294002, was used. Treatment with LY294002 successfully inhibited phosphorylated Akt ([Supplementary Data 1a](#sup1){ref-type="supplementary-material"}) and correspondingly downregulated the expression of miR-19a and miR-96 ([Figure 5c](#fig5){ref-type="fig"}) and upregulated *TIMP-2* ([Figure 5d](#fig5){ref-type="fig"}), suggesting that miR-19a and miR-96 are regulated by the PI3K/Akt signaling pathway in HCC cells. Because LY294002 is a nonspecific inhibitor, we further verified the expression of TIMP-2 after Akt silencing using a dominant-negative PI3K mutant to specifically inhibit the PI3K/Akt pathway. Our data showed that transfection with dominant-negative PI3K significantly decreased the level of pAkt and upregulated TIMP-2, suggesting that Akt activity is inversely correlated with TIMP-2 levels and that the selective targeting of the PI3K/Akt signaling pathway may block potentially invasive cancer cells ([Supplementary Data 1b](#sup1){ref-type="supplementary-material"}).

Discussion
==========

Overexpression of ANT2 in the inner mitochondrial membrane of cancer cells has been associated with glycolysis and proliferation.^[@bib27]^ Numerous studies have shown that cancers can be characterized by major metabolic changes that generate energy through predominantly glycolytic mechanisms, in contrast to the normal dual oxidative and glycolytic processes, even in the presence of oxygen, a phenomenon known as the Warburg effect.^[@bib13]^ Because cancer cells prefer utilizing the glycolytic pathway, the role of ANT2 could be crucial in cancer cells as ANT2 imports glycolytically generated adenosine triphosphate into the mitochondria, contributing to maintaining the mitochondrial membrane potential and preventing apoptosis. Because the expression of ANT2 is closely linked to the mitochondrial bioenergetics of tumors, we have previously shown that ANT2 knockdown impairs the glycolytic metabolism in cancer cells and results in decreased cell viability and induced apoptotic death.^[@bib14]^

In this study, our results demonstrate that knockdown of ANT2 can specifically impair HCC progression through the regulation of miR-19a and miR-96. Increased expression of miR-19a and miR-96 has been observed in various types of cancer,^[@bib28],\ [@bib29],\ [@bib30],\ [@bib31],\ [@bib32]^ and our study of miR-19a and miR-96 in hepatocellular tumors emphasizes their fundamental oncogenic behaviors. As the role of miR-96 in HBV-associated HCC has already been reported,^[@bib24]^ we investigated its role in HBV-negative HCC that remains largely unknown. In our study, we used HepG2 as a representative HBV-negative HCC cell line to confirm the oncogenic role of miR-96 in HCC progression. The results showed that miR-96 promoted tumor growth of HepG2 cells *in vitro* and *in vivo*, implying that miR-96 functions as an oncomiR regardless of HBV status.

PI3K/Akt activation is involved in the regulation of the MMP family that is associated with increased cancer invasion, metastasis and angiogenesis.^[@bib33]^ This suggests that the selective targeting of the PI3K/Akt signaling pathway may block potentially invasive cancer cells. Indeed, our previous study in breast cancer cells demonstrated that the PI3K/Akt signaling pathway was inactivated by ANT2 shRNA, resulting in downregulation of MT1-MMP, MMP2 and MMP9 activity.^[@bib26]^ In this study, we showed that knockdown of ANT2 reduced phosphorylated Akt levels and upregulated the mRNA expression and protein levels of TIMP-2 in HCC, suggesting that targeting ANT2 in HCC cells may be a successful anticancer strategy. However, the exact role of ANT2 in the PI3K/Akt signaling pathway remains to be elucidated. A recent study demonstrated that inhibition of aerobic glycolysis perturbs the Akt/mammalian target of rapamycin/hypoxia-inducible factor-1α axis.^[@bib34]^ Because glycolytic metabolism and the PI3K/Akt signaling pathway are highly intertwined, it is likely that interruption of glycolysis in cancers via ANT2 suppression will result in downregulation of the PI3K/Akt signaling pathway.

In summary, the knockdown of ANT2 led to downregulation of miR-19a and miR-96 and ultimately resulted in the suppression of HCC. These results suggest a possible beneficial application for the treatment of HCC.

This work was supported by the Global Core Research Center (GCRC) Grant (No. 2012-0001190) from the National Research Foundation (NRF), Ministry of Education, Science and Technology (MEST), Republic of Korea.

[Supplementary Information](#sup1){ref-type="supplementary-material"} accompanies the paper on Experimental & Molecular Medicine website (http://www.nature.com/emm)

The authors declare no conflict of interest.

Supplementary Material {#sup1}
======================

###### 

Click here for additional data file.

###### 

Click here for additional data file.

![miR-19a and miR-96 are upregulated in human hepatocellular carcinoma (HCC) samples. (**a**) After 24 h of transfection with scramble and adenine nucleotide translocase 2 (ANT2) short hairpin RNA (shRNA) in Hep3B cells, total RNA was extracted and subjected to quantitative real-time PCR (RT-qPCR) using primers for miR-193a-3p, miR-551b, miR-19a, miR-96 or U6 (internal control). The mean±s.d. of triplicate samples is shown. (**b**, **c**) RT-qPCR of HCC tumor tissue pairs was carried out (*n*=30). The mean±s.d. is shown, and data were evaluated using Student\'s *t*-test.](emm2015126f1){#fig1}

![miR-19a and miR-96 enhance proliferation and tumorigenicity of hepatocellular carcinoma (HCC) *in vitro*. (**a**) HepG2 and Hep3B liver cancer cells were transfected with miR-19a mimics, miR-96 mimics, miR-19a inhibitors and miR-96 inhibitors. Cell viability (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)) assays were performed 1, 2, 3 and 7 days after transfection. (**b**) Soft agar colony formation assays were conducted after HepG2 cells were transfected with miR-19a mimics, miR-96 mimics, miR-19a inhibitors and miR-96 inhibitors. Three independent experiments were performed. The mean±s.d. is shown, and data were analyzed using Student\'s *t*-test.](emm2015126f2){#fig2}

![Overexpression of miR-96 contributes to the progression of hepatocellular carcinoma (HCC). (**a**) Negative control (NC)- or miR-96-transfected HepG2 cells (1 × 10^6^) were injected subcutaneously into each posterior flank of the mice (*n*=4). Tumor sizes were measured by a caliper. The mean±s.d. is shown, and data were evaluated using Student\'s *t*-test. (**b**) Images of representative features of tumors 88 days after inoculation.](emm2015126f3){#fig3}

![Tissue inhibitor of metalloproteinase-2 (TIMP-2) is a target of miR-19a and miR-96. (**a**) Hep3B cells were transfected with miR-19a mimics, miR-96 mimics, miR-19a inhibitors and miR-96 inhibitors. Expression of miR-19a, miR-96 and *TIMP-2* was examined by quantitative real-time PCR (RT-qPCR) analysis. (**b**) After 24 h of transfection with miR-19a mimics, miR-96 mimics, miR-19a inhibitors and miR-96 inhibitors, cell extracts were prepared for western blotting. A representative blot from three independent experiments is shown. (**c**) Hep3B cells were transfected with miR-19a mimics, miR-96 mimics and adenine nucleotide translocase 2 (ANT2) short hairpin RNA (shRNA). Expression of TIMP-2 was examined using western blotting.](emm2015126f4){#fig4}

![miR-19a and miR-96 are regulated by the phosphatidylinositol-3-kinase (PI3K)/Akt signaling pathway in hepatocellular carcinoma (HCC). (**a**) After 24 h of transfection with scramble and adenine nucleotide translocase 2 (ANT2) short hairpin RNA (shRNA) in Hep3B cells, total RNA was extracted and subjected to quantitative real-time PCR (RT-qPCR). (**b**) Hep3B cells were transfected with scramble and ANT2 shRNA for 24 h, and western blotting was performed. β-actin was used as a loading control. (**c**) The levels of miR-19a and miR-96 were analyzed by RT-qPCR after treatment with LY294002, a PI3K inhibitor. (**d**) After treating Hep3B cells with LY294002, expression of *tissue inhibitor of metalloproteinase-2* (*TIMP-2*) was examined by RT-qPCR analysis. Three independent experiments were performed, and the mean±s.d. is shown.](emm2015126f5){#fig5}
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